Background: Human papillomavirus (HPV), the causal agent of cervical cancer, appears to be involved in the etiology of cancer of the oral cavity and oropharynx. To investigate these associations, we conducted a multicenter case-control study of cancer of the oral cavity and oropharynx in nine countries. Methods: We recruited 1670 case patients (1415 with cancer of the oral cavity and 255 with cancer of the oropharynx) and 1732 control subjects and obtained an interview, oral exfoliated cells, and blood from all participants and fresh biopsy specimens from case patients. HPV DNA was detected by polymerase chain reaction (PCR). Antibodies against HPV16 L1, E6, and E7 proteins in plasma were detected with enzyme-linked immunosorbent assays. Multivariable models were used for case-control and casecase comparisons. Results: HPV DNA was detected in biopsy specimens of 3.9% (95% confidence interval [CI] ‫؍‬ 2.5% to 5.3%) of 766 cancers of the oral cavity with valid PCR results and 18.3% (95% CI ‫؍‬ 12.0% to 24.7%) of 142 cancers of the oropharynx (oropharynx and tonsil combined) with valid PCR results. HPV DNA in cancer biopsy specimens was detected less frequently among tobacco smokers and paan chewers and more frequently among subjects who reported more than one sexual partner or who practiced oral sex. HPV16 DNA was found in 94.7% of HPV DNA-positive case patients. HPV DNA in exfoliated cells was not associated with cancer risk or with HPV DNA detection in biopsy specimens. Antibodies against HPV16 L1 were associated with risk for cancers of the oral cavity (odds ratio [OR] ‫؍‬ 1.5, 95% CI ‫؍‬ 1.1 to 2.1) and the oropharynx (OR ‫؍‬ 3.5, 95% CI ‫؍‬ 2.1 to 5.9). Antibodies against HPV16 E6 or E7 were also associated with risk for cancers of the oral cavity (OR ‫؍‬ 2.9, 95% CI ‫؍‬ 1.7 to 4.8) and the oropharynx (OR ‫؍‬ 9.2, 95% CI ‫؍‬ 4.8 to 17.7). 
head and neck sites, and HPV16 tends to be the predominant type detected (9 -11) . Results of a few case-control studies (10, 11) and a cohort study (13) point to a likely role of HPV in some cancers at certain anatomical sites. However, many aspects of the association remain to be investigated to better define the precise contribution of HPV to the etiology of these tumors and the potential preventive interventions (14) .
We report an International Agency for Research on Cancer (IARC) multicenter case-control study of cancer of the oral cavity and oropharynx carried out in nine countries that used a common protocol for data and specimen collection and included several markers of HPV infection that were assayed in central laboratories.
were also excluded. When patients with cancers with topographies not in the exclusion criteria were recruited as control subjects, they were recruited before any primary treatment and should not account for more than 20% of the overall comparison group. In India, control subjects were selected among patients without cancer presenting for voluntary cancer checkup or among visitors of patients with diseases other than cancer of the oral cavity or oropharynx (16) . In Northern Ireland, community control subjects were selected from county listings, geographically matched to the case patients, and invited by personal letter.
We recruited 1670 case patients (1415 with cancer of the oral cavity and 255 with cancer of the oropharynx) and 1732 control subjects in nine countries. The study was approved by the IARC and local ethical review committees, and participants gave written informed consent according to local regulations.
Data and Specimen Collection
Specially trained interviewers administered a standardized questionnaire that included demographic characteristics (age, sex, ethnic group, area of birth and residence, religion, and language spoken), education (ever attendance at school, number of years of school attendance, and age when stopped going to school), longest occupation, use of tobacco in its different forms, alcohol drinking habits, dietary habits, marital status, sexual history (number of lifetime sexual partners, visits to prostitutes, and frequency of oral sex), histories of various diseases, family history of cancer, and oral cavity health. A smoker was defined as a subject who reported having smoked tobacco daily for at least 1 year, and smokers were asked about duration of smoking and amount and type of tobacco smoked (cigarettes, cigars, or pipes). In India, specific questions were asked about paan chewing (usually including tobacco, betel leaf, areca nut, and calcium hydroxide). Additional questions were asked about consumption of snuffed tobacco in some areas (e.g., toombak dipping in Sudan). A drinker was defined as a subject who reported drinking alcoholic beverages at least once a month, and details were obtained on type of beverage, amount, and duration.
Interviewers also briefly examined the oral cavity to determine the number of missing teeth and the presence of visible lesions. The association of oral cancer with some of the risk factors has been previously reported for some centers (3) (4) (5) (6) 15, 16) .
Before initiating the study in each center, extensive discussions with the local investigators were conducted, and questionnaires were modified to adapt them to the local culture or habits (e.g., so that they asked about toombak dipping in Sudan, betel quid chewing in India, and cigar smoking in Cuba). However, the core questionnaire was maintained to allow pooling of the main data. During the course of the study, the local investigators closely supervised the interview and specimen collection processes. In addition, the IARC investigators visited study sites before initiation of the study and periodically visited the main centers to ensure adherence to the common international protocol.
After administering the interview, information on tumornode-metastasis classification and histology was obtained from case patients. This classification was converted into stage according to the American Joint Committee on Cancer (AJCC) Cancer Staging Manual (17) . Superficial scrapes of the mucosa were carried out with soft toothbrushes, by performing 5-10 gentle strokes in predefined areas as follows: right buccal mucosa (from high to low position), left buccal mucosa (from high to low position), right side of the tongue, dorsal side of the tongue, left side of the tongue, and inside of the upper and lower lip, in addition to the gentle brushing of the tumor in case patients. Cells from brushes were suspended in tubes containing phosphate-buffered saline (PBS). Participants subsequently gargled with saline, and the resulting suspension was added to the same tube. Cells were centrifuged twice and frozen at Ϫ70°C until shipment to Lyon (France) and then to Amsterdam (The Netherlands) for HPV testing.
Attempts were made to obtain a biopsy specimen from each case patient from a non-necrotic area of the tumor before any cancer treatment, although priority was given to biopsy examination required for diagnostic purposes. Biopsy specimens were placed in liquid nitrogen or in freezers at Ϫ70°C or, in some areas, kept on ice or at 4°C until later, always within 8 hours of collection. Specimens were shipped on dry ice to Lyon, where they were stored at Ϫ70°C until shipment to Amsterdam for HPV testing.
A 10-mL heparinized blood sample was obtained, and aliquots of plasma were prepared and frozen until shipment on dry ice to Lyon. In Lyon, they were stored at Ϫ20°C until transfer to collaborating laboratories in Heidelberg, Germany, and Baltimore, MD.
DNA Analysis
For polymerase chain reaction (PCR), suspensions of exfoliated cells and biopsy specimens were subjected to freezingthawing and to boiling, as described (18) . Snap-frozen biopsy specimens were serially sectioned (10 -15 sections) on a cryostat. The first and last sections were stained with hematoxylineosin for histologic assessment of the presence of carcinoma. Intermediate sections were used for crude DNA extraction, as described (19) . ␤-Globin PCR analysis was performed (20) to confirm the presence of human DNA in specimens; specimens with negative results were considered to not have valid PCR results and were excluded from subsequent analyses. Histologic assessment was possible in 89.3% (811) of the 908 biopsy specimens with valid PCR results. Of those 811 specimens, a total of 22.6% (183 specimens) were not adequate for histologic assessment (83 specimens) or apparently had no neoplastic cells (100 specimens). However, our estimates of detection of HPV DNA in biopsy specimens did not vary according to the apparent presence or absence of cancer in the specimen. Because all subjects had histologically confirmed cancers, we decided to include them all in the analyses.
For HPV DNA detection, the general primer (GP)-mediated PCR enzyme immunoassay (GP5ϩ/biotinylated GP6ϩ PCR-EIA) was performed (19) . PCR products were subsequently characterized in the following two ways: 1) EIA with two mixtures of oligonucleotide probes specific for 14 high-risk HPV types (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 , 66, and 68) and six low-risk HPV types (HPV6, 11, 40, 42, 43, and 44) and 2) agarose gel electrophoresis followed by lowstringency Southern blot hybridization with a probe mixture containing general primer PCR products specific for HPV6, 11, 16, 18, 31, and 33 (21) . Southern blot analysis was performed under low-stringency conditions to allow the detection of HPV types not included in the EIA probe mixtures. When the EIA was positive, subsequent typing was performed with EIA oligonucleotide probes individually. In this study, no sample with a negative EIA result had a positive hybridization result.
HPV testing of exfoliated cells was performed in 45.2% of case patients and 40.0% of control subjects from some of the centers (Table 1) . The coordinating group decided not to continue testing exfoliated cell specimens and to focus on biopsy material when we observed the lack of association between HPV DNA detected in cells and HPV DNA in biopsy specimens (see below).
Detection of Antibodies Against HPV16 L1
Preparative purification of HPV16 virus-like particles. For production of virus-like particles (VLPs), Trichoplusia ni (High Five) cells (Invitrogen, Carlsbad, CA) were infected with HPV16 L1/L2 recombinant baculovirus, clone 114/K (a gift from John T. Schiller, National Cancer Institute, Bethesda, MD) and grown as adherent cultures in tissue culture plates. VLPs were purified from cell lysates by density gradient ultracentrifugation, POROS 50 HS cation-exchange chromatography (PerSeptive Biosystems, Framingham, MA), and heparin-Sepharose chromatography (Amersham Pharmacia Biotech, Piscataway, NJ), as described previously (22) .
HPV 16 VLP-based enzyme-linked immunosorbent assay. Plasma was tested for antibodies to HPV16 VLP in an enzymelinked immunosorbent assay (ELISA), as described previously (22) . Briefly, 50 ng of VLP protein in PBS (pH 7.2) was incubated in wells of PolySorp microtiter plates (Nunc, Naperville, IL) overnight at 4°C and then blocked for 3 hours at room temperature with 10% Superblock (Pierce, Rockford, IL) in PBS containing 0.05% Tween 20 (blocking buffer). Blocking buffer was replaced with PBS, and plates were stored at Ϫ20°C until use. Before use and following each incubation step, the plates were washed four times with PBS containing 0.05% Tween 20 (Sigma-Aldrich, St. Louis, MO) in an automatic plate washer (Skanwasher 300; Skatron, Lier, Norway). Plasma samples were diluted 1 : 100 in blocking buffer, 100 L of this diluent was added to duplicate wells, and the microtiter plates were incubated for 1 hour at 37°C. Antigen-bound immunoglobulin was detected with peroxidase-conjugated goat antibodies against human immunoglobulin G (IgG; Zymed, San Francisco, CA) and diluted 1 : 4000 in a solution of 10% Superblock, 2.5% polyethylene glycol (molecular weight ϭ 20 000; Sigma), and 0.5% Igepal CA-630 (Sigma) in PBS. After 30 minutes at 37°C, color development was initiated by the addition of ABTS peroxidase solution (Kirkegaard and Perry, Gaithersburg, MD). The reaction was stopped after 20 minutes by adding 1% sodium dodecyl sulfate, and the optical density (OD) was measured at 405 nm, with a reference wavelength of 490 nm, in an automated microtiter plate reader (Molecular Devices, Menlo Park, CA). The cut point for seropositivity was determined from the reactivity of plasma samples from 108 women who were self-reported virgins from Costa Rica. The mean and standard deviation (SD) of optical density values for the control subjects were calculated, and values greater than the mean plus three standard deviations were excluded. The analysis was repeated on the remaining samples until no further optical density values could be excluded by this criterion. After four rounds of analysis, with the exclusion of six samples, the cutoff point was defined as five standard deviations above the mean of this distribution (0.187 U).
Determination of Antibodies Against HPV16 E6 and E7
Plasma antibodies against HPV16 E6 and E7 proteins were detected with an ELISA that used the glutathione S-transferase (GST) capture method with bacterially expressed full-length E6 or E7 fused to GST as the antigens, as described in detail previously (23) . A preparatory experiment (Pawlita M: unpublished data) directly compared serum and plasma samples with and without heat inactivation for 30 minutes at 56°C from 20 patients with cervical carcinoma and 20 healthy control subjects and found that heat inactivation and the use of plasma instead of serum did not alter ELISA reactivity with HPV16 E6 and E7 proteins or increase unspecific background.
In brief, 96-well Polysorb plastic plates (Nunc, Roskilde, Denmark) were coated with glutathione-casein. After blocking with unmodified casein (0.2% unmodified casein in PBS containing 0.05% Tween 20), plates were incubated with 100 L of cleared lysate (diluted in casein-blocking buffer to a total lysate protein concentration of 0.25 g/L) from Escherichia coli overexpressing the antigen as a GST fusion protein or GST alone for background determination. Human plasma samples were heat inactivated and diluted 1 : 50 in blocking buffer containing total lysate protein from E. coli overexpressing GST without E6 or E7 sequences at 0.25 g/L. Bound human antibodies were detected by donkey anti-human IgG (heavy and light chain) polyclonal antibody, which recognizes all classes of human immunoglobulins, conjugated to horseradish peroxidase (Dianova, Hamburg, Germany). The absorbance from wells with GST alone defined the background reactivity of a human plasma and was subtracted from the absorbance of wells with the GST-E6 or GST-E7 proteins to calculate the specific reactivity of a sample with the respective antigen. Interassay variation ranged from 0.12 to 0. 23 . Each plasma sample was tested in duplicate on different plates. A mean specific reactivity of greater than 0.08 optical density units and a variation of the duplicate values of greater than 40% were set as cut points for repeat analysis, again in duplicates. Median optical density values were used for further analysis to reduce the impact of extreme outliers.
Cutoff determination for serum groups from individuals who did not have cancer from Germany, Tanzania, and Colombia (calculated as mean ϩ 3 SDs, excluding positive outliers) yielded cutoff values for HPV16 E6 and E7 between 0.06 and 0.09 optical density units. To reduce the influence of borderline positive sera, a stringent cutoff point of 0.16 optical density units was arbitrarily defined for both HPV16 E6 and E7 ELISAs before analysis of the data.
Statistical Analysis
Cancers of the oropharynx and tonsil were combined as cancers of the oropharynx, and cancers at other sites were combined as cancers of the oral cavity. When multiple topographies were reported, tonsil and oropharynx were classified as oropharynx regardless of whether other locations were mentioned. Because of a report (24) that combined sites in the Waldeyer's ring (oropharynx, tonsil, and base of the tongue), we considered adding base of the tongue to the oropharynx group, but the HPV markers in our specimens from patients with cancer of the base of the tongue were more similar to those from oral cavity cancers than to those from oropharynx cancers, and therefore we kept our original classification.
Odds ratios (ORs) and 95% confidence intervals (CIs) were computed for all centers combined by using unconditional multivariable logistic regression models. All models included terms for age, sex, country, smoking tobacco, paan chewing, and drinking alcohol, as appropriate. For case patients and control subjects with available serologic biomarker data, the odds ratios were calculated as estimates of disease risk. For HPV DNA in biopsy specimens, we estimated the odds ratios of HPV detection in cancers of the oropharynx compared with cancers of the oral cavity. All models included terms for study design variables (i.e., age group, country, and sex) and, when appropriate, smoking tobacco, chewing tobacco, and drinking alcohol. The combined effect of HPV and smoking was assessed as a departure from a multiplicative logistic regression model. The method used to assess departure from a multiplicative model was the inclusion in the logistic regression models of an interaction term. Because of the different method used to select control subjects in India and the large number of subjects recruited in that country, we repeated the main analyses excluding the Indian centers and obtained similar results for all the analyses presented in the "Results" section.
RESULTS
A total of 1670 case patients and 1732 control subjects were recruited (Table 1) . Of the case patients, 1415 had cancers of the oral cavity and 255 had cancers of the oropharynx. Participation among case patients ranged from 76.5% in Spain to 99.0% in Cuba, for an overall participation rate of 88.7%; participation among control subjects ranged from 49.0% in Northern Ireland to 96.0% in Italy, for an overall participation rate of 87.3%. The proportion of the total case patients recruited in each center who had cancers of the oropharynx varied between 2.6% in Sudan and 41.7% in Italy. This difference did not reflect the actual proportion occurring in each location but did reflect the different referral patterns of the participating hospitals.
Biopsy specimens were available for 79.2% (1323) of case patients, of which 10% were not tested for HPV DNA because they contained only necrotic tissue. Valid PCR biopsy results (␤-globin-positive) were available from 908 case patients (54.4% of those recruited). When case patients with valid PCR results were compared with case patients with missing results by using a multivariable logistic regression model, no statistically significant differences were found in age, sex, smoking, alcohol consumption and, in India, paan chewing habits (data not shown). However, case patients without valid PCR results were more likely to be from India, Cuba, Sudan, and Australia-the areas with the most challenging storage and transportation conditions. HPV16 E6 and E7 serology results were available for 93.5% of case patients and 91.3% of control subjects. HPV16 L1 VLP serology results were available for 92.0% of case patients and 88.2% of control subjects. Exfoliated cells were obtained from more than 95% of case patients and control subjects, but testing was limited to 43.6% of these subjects, as discussed above. Cancer stage was ascertained for 1558 (93.3%) of participating case patients and was distributed as follows: stage I, 14.7%; stage II, 18.6%; stage III, 29.1%; and stage IV, 37.4%.
The distribution of case patients and control subjects by selected risk factors and odds ratios associated with selected variables is shown in Table 2 . As expected, smoking was a strong risk factor for cancer of the oral cavity and, most notably, cancer of the oropharynx, with a clear dose-response relationship between cancer risk and increasing number of cigarettes smoked per day. A clear dose-response relationship between risk for cancer and the number of years of smoking was also found (data not shown). Similarly, number of alcoholic drinks per day ( Table 2 ) and duration of alcohol drinking (data not shown) were associated with a dosedependent increase in risk. Paan chewing, which could be evaluated only in India, was associated with a strong dosedependent increase in the risk for cancer of the oral cavity. We did not observe an association between sexual behavior indicators, such as lifetime number of sexual partners and the practice of oral sex, and overall risk for cancer of the oral cavity or oropharynx.
The prevalence of the different HPV markers (HPV DNA in biopsy specimens from cancer patients, HPV DNA in cells, and antibodies against HPV16 L1, E6, and E7 from case patients and control subjects) by topographic site of the primary tumor is shown in Fig. 1 . The tonsil was the site with the highest prevalence of all markers, followed in most instances by the oropharynx. Control subjects had among the lowest positivities for most markers, except HPV DNA in exfoliated cells, which was somewhat more common in control subjects than in case patients with tumors of several oral cavity sites.
The association of various HPV markers with risk for cancer of the oral cavity and oropharynx, determined in a multivariable model, is shown in Table 3 . HPV DNA was detected in biopsy specimens of 3.9% (95% CI ϭ 2.5% to 5.3%) of cancers of the oral cavity (30 of 766 specimens with valid PCR results) and in biopsy specimens of 18.3% (95% CI ϭ 12.0% to 24.7%) of cancers of the oropharynx (26 of 142 specimens with valid PCR results) (case-case comparison for cancers of the oropharynx/ cancers of the oral cavity: OR ϭ 4.9, 95% CI ϭ 2.6 to 9.1). HPV16 was the only HPV type found in biopsies of 89.3% of HPV DNA-positive case patients, and HPV16 was present with HPV18 in an additional 5.4%, for a total of 94.7% HPV16 among positive case patients (data not shown). One case patient had HPV18 alone, one had HPV33 and HPV35, and one had HPV35 alone.
In multivariable models, after adjustment for age, sex, country, drinking alcohol, smoking tobacco, and chewing tobacco, as appropriate, detection of HPV DNA in tumors was not statistically significantly different by age, sex, country, or alcohol use (data not shown). However, HPV DNA was detected less frequently in biopsy specimens from exsmokers (OR for detection of HPV DNA ϭ 0.6, 95% CI ϭ 0.2 to 1.5) and current smokers (OR ϭ 0.4, 95% CI ϭ 0.2 to 0.9) than in biopsy specimens from nonsmokers. In India, HPV DNA was detected less frequently in tumor specimens from tobacco chewers (OR for HPV detection ϭ 0.5, 95% CI ϭ 0.1 to 2.0) than in those from non-chewers. Case patients reporting more than one sexual partner in their lifetime were more likely to have HPV DNA in their tumors than those reporting only one sexual partner (OR for HPV detection ϭ 2.4, 95% CI ϭ 1.0 to 5.7), as were those reporting a history of oral sex compared with those without such a history (OR for HPV detection ϭ 3.2, 95% CI ϭ 1.5 to 6.4). The association of HPV DNA with sexual behavior was similar for cancers of the oral cavity and oropharynx, although some of the estimates were not statistically significant (data not shown).
The prevalence of HPV DNA detected in exfoliated cells was 4.7% (95% CI ϭ 2.9% to 6.5%) for patients with cancer of the oral cavity, 8.9% (95% CI ϭ 3.0% to 14.8%) for patients with cancer of the oropharynx, and 6.9% (95% CI ϭ 4.9% to 8.9%) for control subjects (confidence intervals for prevalence not shown in tables). No statistically significant association between HPV DNA and risk for either type of cancer was noted in the case-control comparisons. In the case-case comparison, the odds ratio for HPV DNA positivity in cells was 2.0 (95% CI ϭ 0.7 to 5.1) for cancers of the oropharynx compared with that for cancer of the oral cavity.
Antibodies against HPV16 L1 were detected in plasma from 6.0% of control subjects, 8.9% of case patients with cancers of the oral cavity (OR ϭ 1.5, 95% CI ϭ 1.1 to 2.1), and 13.4% of case patients with cancers of the oropharynx (OR ϭ 3.5, 95% CI ϭ 2.1 to 5.9). A statistically significant association between antibodies against HPV16 L1 and risk was also found in casecase comparisons (OR ϭ 1.9, 95% CI ϭ 1.2 to 3.0) for cancer of the oropharynx compared with cancer of the oral cavity.
Antibodies against HPV16 E6 were detected in 1.1% of control subjects, 2.6% of cancers of the oral cavity (OR ϭ 2.6, 95% CI ϭ 1.4 to 5.0), and 9.9% of cancers of the oropharynx (OR ϭ 9.9, 95% CI ϭ 4.7 to 20.7). A statistically significant *OR ϭ odds ratio; CI ϭ confidence interval. †ORs adjusted for age, sex, center, smoking tobacco, chewing tobacco, and drinking alcohol, as appropriate. ‡Unknowns excluded (11 control subjects, 14 case patients). §Excludes subjects from Bangalore, India, and Sudan from whom information on amount of alcohol consumed was not obtained. Unknowns excluded (10 control subjects, 17 case patients).
Restricted to Indian subjects. Unknowns excluded (seven control subjects, nine case patients). ¶Excludes subjects from Northern Ireland from whom information on sexual behavior was not obtained and unknowns (144 control subjects and 89 case patients). #Excludes subjects from Northern Ireland from whom information on sexual behavior was not obtained and other unknowns (278 control subjects and 257 case patients).
association between HPV16 E6 and risk was also found in case-case comparisons (OR ϭ 4.4, 95% CI ϭ 2.3 to 8.2) for cancer of the oropharynx compared with cancer of the oral cavity, similar to that for HPV DNA in biopsy specimens. Similar patterns were observed for antibodies against HPV16 E7 (Table 3) . Thus, antibodies against either HPV16 E6 or E7 or both were associated with the risk for cancers of the oral cavity (OR ϭ 2.9, 95% CI ϭ 1.7 to 4.8) and the oropharynx (OR ϭ 9.2, 95% CI ϭ 4.8 to 17.7).
Among control subjects, we found no statistically significant association between HPV immunologic biomarkers (antibodies against HPV16 L1, E6, or E7) and age, sex, smoking, drinking, or sexual behavior (data not shown). Prevalence of HPV16 L1 antibodies among control subjects varied between countries from 0% in Ireland, Poland, and Canada to 10.5% in Cuba; antibodies against HPV16 E6 or E7 were found infrequently in the same countries where HPV16 L1 antibodies were infrequent and were most frequently found among control subjects in Australia (10.5%, n ϭ 60).
Antibodies against both HPV16 E6 and E7 were rarely detected in control subjects (0.1% of control subjects or 7.7% of those with detectable antibodies against HPV16 E6 or E7) and in case patients with cancers of the oral cavity (0.5% [9.8% of positive specimens]) but were more common in case patients with cancers of the oropharynx (6.6% [55.2% of positive specimens]). A strong association between detection of both HPV16 E6 and E7 antibodies and risk for cancer of the oropharynx was found (OR ϭ 67.1, 95% CI ϭ 12.9 to 348.2). Accordingly, a strong association was detected in the case-case comparison for cancer of the oropharynx compared with cancer of the oral cavity (OR ϭ 13.5, 95% CI ϭ 4.4 to 41.1). These associations were similar in both sexes, in different regions, and in two age strata (Ͻ60 years old and Ն60 years old).
HPV DNA was detected at a higher level in stages III-IV cancers of the oropharynx (21.5%) than in stages 0 -II (7.4%) (P ϭ .09). Antibodies against HPV16 E6 or E7 were also more commonly detected in specimens from more advanced stage cancers of the oropharynx than in specimens from earlier stage cancers of the oropharynx (14.7% of the 184 case patients at stages III-IV versus 2.4% for the 41 case patients at stages 0 -II; P ϭ .03), but antibodies against HPV16 E6 or E7 did not vary by stage of cancer of the oral cavity (data not shown). Antibodies against HPV16 L1 did not vary with the stage of either cancer examined in this study.
We next analyzed how frequently antibodies against HPV16 L1, E6, and E7 were detected in case patients with biopsy specimens in which HPV DNA was or was not detected (Table  4) . Antibodies against HPV16 L1, E6, and E7 were more common in case patients whose biopsy specimens were positive for HPV DNA than in those whose biopsy specimens were negative for HPV DNA. This association was particularly strong for cancers of the oropharynx, in which HPV16 L1 antibodies were present in 52% and HPV16 E6 or E7 antibodies were present in 65.4% of case patients with biopsies positive for HPV DNA. In case patients with cancer of the oral cavity, there was very little correlation between detection of HPV16 DNA in biopsies and detection of HPV16 E6 or E7 antibodies ( ϭ 0.080, 95% CI ϭ 0.001 to 0.226). For cancer of the oropharynx, the correlation was much stronger ( ϭ 0.6, 95% CI ϭ 0.4 to 0.8). Corresponding sensitivities (using DNA in biopsy specimens as the gold standard) were 14% (95% CI ϭ 4.7% to 31.9%) for oral cavity and 64% (95% CI ϭ 46.5% to 77.1%) for oropharynx, with specificities close to 95% for both.
Little correlation was observed between the detection of HPV DNA in exfoliated cells and the detection of HPV DNA in biopsy specimens for the limited number of subjects (n ϭ 349) who had both measurements ( ϭ 0.059, 95% CI ϭ Ϫ0.035 to 0.281; Table 5 ). Ninety percent of the patients with biopsy specimens that were positive for HPV DNA had exfoliated cells in which HPV DNA was not detected.
Associations between cancer and the combined presence of HPV16 L1 VLP antibodies and a history of smoking and/or chewing tobacco are shown in Table 6 . When compared with never smokers and/or never chewers who were negative for HPV16 L1 VLP, smokers who were negative for HPV16 L1 VLP (OR ϭ 6.6, 95% CI ϭ 5.3 to 8.2) and, to a lesser extent, never smokers who were positive for HPV16 L1 VLP (OR ϭ 1.3, 95% CI ϭ 0.7 to 2.3), and smokers who were positive for HPV16 L1 VLP (OR ϭ 11.4, 95% CI ϭ 7.4 to 17.6) had an increased risk for cancer of the oral cavity (P for departure from multiplicative model ϭ .461). When compared with never smokers who were negative for HPV16 L1 VLP, smokers who were negative for HPV16 L1 VLP (OR ϭ 9.2, 95% CI ϭ 4.9 to 17.1), never smokers who were positive for HPV16 L1 VLP (OR ϭ 6.7, 95% CI ϭ 2.3 to 19.1), and smokers who were positive for HPV16 L1 VLP (OR ϭ 26.6, 95% CI ϭ 11.9 to 59.4) had an increased risk for cancers of the oropharynx (P for departure from multiplicative model ϭ .181).
Associations between the risk for cancer and the combined presence of HPV16 E6 or E7 antibodies and a history of tobacco smoking and/or paan chewing are also shown in Table 6 . When compared with never smokers/never chewers who were negative for HPV16 E6 and E7, smokers/chewers who were negative for HPV16 E6 and E7 (OR ϭ 6.7, 95% CI ϭ 5.4 to 8.4), never smokers/never chewers who were positive for HPV16 E6 or E7 (OR ϭ 6.7, 95% CI ϭ 2.6 to 17.3), and smokers who were positive for HPV16 E6 or E7 (OR ϭ 13.0, 95% CI ϭ 7.2 to 23.5) had an increased risk for cancer of the oral cavity. The odds ratio for cancer of the oral cavity for HPV-positive smokers was much lower than that expected under a multiplicative model (P for departure from multiplicative model ϭ .03), in a typical pattern for an additive effect. When compared with never smokers who were negative for HPV16 E6 and E7, smokers who were negative for HPV16 E6 and E7 (OR ϭ 11.2, 95% CI ϭ 5.9 to 21.4),
had an increased risk for cancer of the oropharynx. The odds ratio for HPV-positive smokers was again much lower than that expected under a multiplicative model (P for departure from multiplicative model ϭ .001), in a pattern typical of an additive effect.
DISCUSSION
This large case-control study evaluated the association between five markers of HPV infection and cancers of the oral cavity and the oropharynx (HPV DNA in biopsy specimens, HPV DNA in exfoliated cells, and antibodies against HPV16 L1, E6, and E7). We recruited more than 1600 case patients and 1700 control subjects in nine countries and used similar protocols for data and specimen collection and centralized HPV testing. Our results indicate that HPV appears to play a definite etiologic role in a substantial fraction of cancers of the oropharynx and possibly in a small subgroup of cancers of the oral cavity. Nonsmokers are more likely than smokers to have HPVrelated tumors.
HPV DNA was detected in tumor biopsy specimens from 18.3% of case patients with cancer of the oropharynx and from 3.9% of patients with cancer of the oral cavity, which is an adjusted fivefold increase in the odds of HPV detection in case patients with cancer of the oropharynx compared with that in case patients with cancer of the oral cavity. Among the topographic sites examined, HPV was most frequently detected in cancer of the tonsil (24.7% of specimens). These prevalences are consistent with, albeit somewhat lower than, those in previous reports [for review, see (2, 25) ]. Similar to the results of other studies (9 -11) , the vast majority (95%) of HPV-positive case patients in this study had HPV16, the most common type in genital cancers. The exclusive detection of HPV DNA by PCR may, however, lead to overestimation of the number of case patients in which the virus is etiologically involved, as suggested by the lower proportion of case patients in whom HPV16 E6 and/or E7 antibodies could also be detected.
As reported by Gillison et al. (9) , we detected HPV DNA statistically significantly less often among tobacco smokers and/or chewers than among nonsmokers and/or non-chewers. HPV was detected more commonly in biopsy specimens from cancer patients with more than one sexual partner and from those who practiced oral sex than in biopsy specimens from those with fewer than two partners or who did not engage in oral sex, suggesting the possibility of sexual transmission. Schwartz et al. (11) also found an association between sexual behavior and risk for HPV16-positive cancers for both sexes combined. However, much remains to be learned about the transmission of HPV in normal subjects and the natural history of HPV infection in the oral cavity (14) .
A relatively high percentage (24.2%) of case patients who were tested by PCR had invalid results because of the absence of adequate material (i.e., they were ␤-globin-negative). This problem was more common in case patients from India, Sudan, Cuba, and Australia, probably as a consequence of difficulties with storing and shipping specimens. However, case patients with valid results and without such results did not differ substantially in their risk factor profile.
HPV DNA in exfoliated cells was not detected more frequently in case patients than in control subjects. The poor association between HPV DNA test results from exfoliated cells and those from biopsy specimens probably indicates that the HPV status of exfoliated cells does not accurately reflect that of tumors. HPV was not detected in exfoliated cells from 90% of the case patients with HPV-positive biopsy specimens. This result is in concordance with those of Schwartz et al. (11) , although their specimens were collected after treatment. In contrast, Smith et al. (10) detected a threefold increased risk for oral cavity and oropharyngeal cancer associated with the detection of HPV DNA in exfoliated cells before treatment. Thus, the appropriate marker of HPV exposure measurable in case patients and control subjects remains elusive, particularly given the biologic diversity of individual topographic sites in the oral cavity (14) .
Using several different HPV markers (HPV DNA in biopsy specimens, HPV DNA in exfoliated cells, and antibodies against HPV16 L1, E6, and E7), we found a strong association between HPV and cancer of the oropharynx and also some association between HPV and cancer of the oral cavity. The latter association could be partly explained by misclassification of the tumor site if some HPV-positive cancers of the oropharynx were classified erroneously as cancers of the oral cavity, but it could also indicate that a small fraction of oral cavity lesions are HPV-related.
Although antibodies against HPV16 L1 are relatively insensitive markers of cumulative exposure to the virus, such antibodies were associated with a 1.5-fold increased risk for cancer of the oral cavity and a 3.5-fold increased risk for cancer of the oropharynx, with a 2-fold increased risk for cancer of the oropharynx compared with that of the oral cavity. In a recent prospective study (13) , a twofold increased risk was observed for head and neck tumors in subjects with detectable antibodies against HPV16 L1 or L2 proteins and, similar to our findings, risk was highest for cancer of the tonsil and oropharynx with a smaller increased risk for cancer of the tongue. Although there was some degree of adjustment for smoking by the use of cotinine levels in that study (13) , the authors could not account for other confounding factors. Schwartz et al. (11) also investigated the association of antibodies against L1 with oral cancer and detected a twofold increased risk for all tumors and an almost sevenfold increased risk for HPV16-positive cancers. When interpreting associations between the risk for cancer and the presence of these antibodies, it should be noted that they reflect infection in all susceptible mucosal sites, which may introduce additional sources of confounding. Moreover, not all individuals exposed to HPV seroconvert or maintain detectable antibody levels over time.
HPV16 E6 and E7 antibodies are generally considered markers of invasive HPV16-transformed tumors, possibly generated after antigen exposure, after development of a tumor vascular bed, or after necrosis has occurred (26, 27) . A recent prospective study (28) conducted to evaluate the predictive value of E6 and E7 antibodies as markers of early cervical cancer demonstrated that only 7% of women who developed cervical cancer in the 0.5-20 years after blood was drawn had detectable levels of E6 or E7 antibodies and had a modest increased risk for later developing cervical cancer compared with women without such antibodies. However, some degree of expression of these oncoproteins is probably present also in HPV infections and dysplastic lesions. In fact, a recent study (29) reported relatively high prevalence of these antibodies in patients with evidence of HPV infection but not cervical cancer. It can be argued that if these antibodies are markers of invasion, their use as markers of exposure in control subjects may overestimate the risk. However, such antibodies can be detected in a few control subjects, and they can be helpful in identifying HPV-related cancers in tumor sites with heterogeneous etiologies. In our study, these antibodies were strongly associated with cancer of the oropharynx, with odds ratios near 10 for antibodies against HPV16 E6, 20 for antibodies against HPV16 E7, and almost 70 for the combination of the two. Conversely, risk for cancer of the oral cavity was increased about threefold when HPV16 E6 or E7 antibodies were detected, and it was not much higher when both were detected.
A high prevalence of anti-HPV16 E6 and E7 antibodies is observed in advanced cervical cancer (30) . In our study, 65% of case patients with HPV16 DNA-positive cancers of the oropharynx had antibodies against HPV16 E6 or E7, making these proteins potentially useful and minimally invasive markers of HPV-related tumors when appropriate cytologic or histologic specimens are not available. The lower antibody prevalence in HPV DNA-positive cancers of the oral cavity than in cancers of the oropharynx might indicate a noncausal association between HPV and cancer of the oral cavity, or it may reflect lower viral oncogene expression, less invasive growth, or as yet unidentified site-dependent differences in antibody response to the HPV oncoproteins.
Given that the different HPV markers are probably measuring different aspects of HPV infection and that each has different sampling and technical limitations, none of these risk estimates can ultimately quantify the association between HPV and cancer of the oral cavity or oropharynx. The strength of our findings is the consistency in the direction of the associations with all the markers, which were measured independently by investigators masked to case-control status, topography, and other variables.
We investigated the combined effect of tobacco use and HPV infection by using antibodies against HPV16 L1 VLPs and antibodies against HPV16 E6 and E7. For the latter, the risks appeared to be additive, indicating the absence of synergism between tobacco use and HPV. The exclusion of case patients from India only strengthened the additivity of the effects of tobacco and HPV (data not shown). Schwartz et al. (11) detected a synergistic (i.e., multiplicative) effect of smoking and HPV, as measured by antibodies against HPV16 L1 VLPs. In our study, the combined effects of HPV16 L1 VLP antibodies and smoking did not show a statistically significant departure from the multiplicative model. However, small numbers may have hampered our ability to clarify the type of interaction, because we could not restrict the analysis to heavy smokers. The presence of additive rather than multiplicative risks between HPV and smoking/chewing tobacco use would suggest that these factors operate, in part, at the same step of multistage carcinogenesis in the oral cavity and oropharynx (e.g., p53 inactivation). Still, HPV infection appears to contribute to an increased risk for cancer of the oral cavity and oropharynx also among tobacco smokers and chewers.
In addition to mounting epidemiologic evidence, extensive laboratory evidence (14) supports the association between HPV and a subset of cancers of the oropharynx. HPV16 E6 protein inactivates p53 protein, and HPV-associated tumors of the cervix and other anogenital sites [for review, see (31) ] do not usually have TP53 mutations. Tumors at those locations that contain HPV DNA contain TP53 mutations less frequently than HPV-negative tumors, and tumors that express HPV16 E6 or E7 usually do not have a mutated TP53 gene (32, 33) . HPVassociated cancers of the oral cavity and oropharynx are more likely to have basaloid histologic features (9, 33) , an aspect we did not evaluate. Viral E6 and/or E7 transcripts and/or viral integration have been detected more frequently in tumors containing HPV16 or HPV33 DNA (34, 35) , and both in situ hybridization studies and microdissection studies have detected viral DNA or RNA in the tumor but not in the stroma (36) . In addition, a cell line with integrated HPV16 was established from an HPV16-containing oral carcinoma (37) . Thus, the laboratory and epidemiologic data indicate that HPV may be a causal factor in a subset of oral and oropharyngeal carcinomas and may operate through the same mechanisms described in the pathogenesis of all cervical carcinomas.
A parallel among oral, vulvar, vaginal, penile, and anal cancers is apparent in that only a fraction of tumors at these sites appear to be related to HPV (8) . Strong risk factors other than HPV exist for cancers of the oral cavity and oropharynx; therefore, the relative contribution of HPV would probably be larger in regions where exposures such as tobacco smoking and chewing are less common, although cancers of the oral cavity and oropharynx would be rare. The mechanism of transmission of HPV to the oral cavity warrants further investigation. The prospect of HPV vaccine development (38) offers hope for prevention of cervical and anogenital cancers and possibly also for a substantial number of cancers of the oropharynx and oral cavity.
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